Neonatal encephalopathy due to hypoxia--ischemia (HI) remains a major health issue worldwide. A HI insult often results in brain damage with subsequent development of motor and cognitive impairments like cerebral palsy and mental retardation ([@bib1],[@bib2],[@bib3],[@bib4],[@bib5]). Currently, hypothermia is the only available treatment, but this treatment is only moderately neuroprotective and solely effective in babies born at term if applied within 6 h post-HI. Hence, there is a strong need for novel treatment strategies ([@bib1],[@bib2],[@bib3],[@bib4],[@bib5]).

Over the past years, mesenchymal stem cells (MSCs) have become a potentially attractive therapeutic option for several diseases ([@bib6],[@bib7]). The growing interest in MSC therapy is partially due to the immunosuppressive capacities of MSCs. Furthermore, MSCs can be easily and effectively obtained from, e.g., bone marrow or Wharton\'s jelly and are hardly immunogenic as they do not express MHC class II antigens or costimulatory proteins (e.g., CD40, CD80, and CD86) ([@bib8],[@bib9],[@bib10]).

We have recently demonstrated that intranasal MSC treatment significantly improves cognitive and motor behavior and reduces infarct size following neonatal HI brain injury in the mouse ([@bib11]). Furthermore, we showed that MSC treatment has a long therapeutic window of 10 d. We demonstrated that intranasally administered MSCs reach the lesion site within 2 h after application to both nostrils ([@bib12]). A recent study by our group shows that MSCs promote lesion repair by stimulating endogenous regenerative processes ([@bib12]) and do not engraft in the brain ([@bib13]). Moreover, previous studies from our group showed that intracranial MSC treatment increases gene expression of several neurotrophic and anti-inflammatory factors in the brain ([@bib13]). Therefore, intranasal MSC administration holds strong potential as a noninvasive therapeutic strategy to repair neonatal HI brain injury.

However, the long-term safety of MSC administration remains under debate, and a longitudinal study that assesses long-term safety and efficacy is still lacking. This is an important question that has to be thoroughly investigated before translation to the clinic is possible. Therefore, we investigated in depth whether MSC treatment is associated with malignancies in the brain or other organs after intranasal MSC treatment at 14 mo post-HI. To this end, mice were submitted to systematic histopathological analysis performed by board-certified mouse pathologists. Furthermore, we determined at 14 mo post-HI whether MSC treatment has effects on sensorimotor and cognitive behavior and the cerebral lesion.

Results
=======

MSC Administration Induces Long-Term Motor and Cognitive Improvement Post-HI
----------------------------------------------------------------------------

To investigate the long-term effects of intranasal MSC treatment on motor performance, we assessed sensorimotor behavior in the cylinder-rearing test (CRT), which measures the preference to use the unimpaired forepaw during vertical exploration. CRT was measured at 10 and 28 d and at 6 and 9 mo following sham operation or HI induction. All HI mice show similar motor impairment at 10 d post-HI, i.e., before treatment with MSCs. Our results show that motor impairment in HI-vehicle mice further deteriorated over time. In contrast, MSC treatment at 10 d post-HI induced long-term improvement of sensorimotor behavior (**[Figure 1](#fig1){ref-type="fig"}**). Our results show a significant decrease in the preference to use the unimpaired forepaw in HI-MSC mice at 28 d following the insult. At 9 mo post-HI, motor performance of HI-MSC mice had improved even further and impairment had decreased another 79%, reaching sham level. The total number of full rears in the CRT was similar between all experimental groups at all time points (**Supplementary Figure S1** online).

We used the novel object recognition test (NORT) to assess cognitive behavior at 3 and 14 mo after HI. As expected, sham-operated animals showed a significant preference for the novel object at both time points. HI-vehicle mice had no preference for either the novel or the familiar object at 3 or 14 mo after induction of HI (**[Figure 2a](#fig2){ref-type="fig"}**). However, MSC treatment significantly restored cognitive performance in the NORT as our results demonstrate that HI-MSC mice have a significant preference to explore the novel object at both 3 and 14 mo post-HI. There were no differences in total exploration time of the objects between experimental groups at both time points. For instance, sham-operated animals spent 34.79 ± 3.34%, HI-vehicle 35.73 ± 3.69%, and HI-MSC 33.32 ± 3.96% of time with the objects at 3 mo post-HI (**[Figure 2b](#fig2){ref-type="fig"}**)

Changes in Gray and White Matter Damage Over Time
-------------------------------------------------

To assess long-term effects of MSC treatment on the cerebral lesion, we sacrificed mice at 5 wk and 14 mo post-HI or sham operation and analyzed brain sections for loss of MAP2 and MBP staining as a measure of gray- and white-matter damage, respectively. Our results show that at 5 wk post-HI, the entire hippocampus and part of the sensorimotor cortex were absent following vehicle administration. MSC treatment, however, significantly decreased both gray- and white-matter damage at 5 wk post-HI. The sensorimotor cortex was completely restored after MSC treatment. The effect of MSCs on neuronal and white matter damage remained constant over time between 5 wk and 14 mo (**[Figure 3a](#fig3){ref-type="fig"}**,**[b](#fig3){ref-type="fig"}**). Moreover, the sensorimotor cortex remained intact over time. In HI-vehicle mice, MAP2 area loss decreased nonsignificantly from 5 wk to 14 mo (**[Figure 3a](#fig3){ref-type="fig"}**,**[b](#fig3){ref-type="fig"}**). In HI-vehicle mice, MBP area loss did not change significantly over time either (**[Figure 3a](#fig3){ref-type="fig"}**,**[b](#fig3){ref-type="fig"}**).

MSCs Do Not Induce Neoplasia in the Brain and Nasal Turbinates in the Long Term
-------------------------------------------------------------------------------

To determine whether MSC treatment has any adverse long-term effects in the brain or nasal turbinates, hematoxylin--eosin-stained sections from sham-operated, HI-vehicle and HI-MSC mouse brains were examined for histopathological changes at 14 mo. Importantly, our results show no evidence of neoplasia in the brain or nasal turbinates in any of the examined mice (*n* = 10 per group; **[Figure 4](#fig4){ref-type="fig"}**). Several mice had mild nasal mucosal degeneration and necrosis with presence of intracellular eosinophilic hyalinized materials typical of murine nasal mucosal epithelial hyalinosis, but there were no differences between the experimental groups (sham: 2/13; HI-vehicle: 5/17; HI-MSC: 5/17).

No Significant Increase in Systemic Pathological Lesions After MSC Treatment
----------------------------------------------------------------------------

Next, we determined whether intranasal MSC treatment had any adverse effects on other peripheral organs and tissues at 14 mo after HI induction. To this end, 38 organs per animal were analyzed for macroscopic and/or microscopic lesions. Multisystemic lymphosarcoma affecting the lymph nodes, uterus, and salivary glands was found in two mice: one HI-vehicle (1/17) and one HI-MSC (1/17) (**[Tables 1](#tbl1){ref-type="table"}** and **[2](#tbl2){ref-type="table"}**). One HI-MSC mouse (1/7 females) had a poorly differentiated focal uterine sarcoma that was compatible with a leiomyosarcoma. No other significant lesions were found in any of the examined mice.

Discussion
==========

Previous work by our group has demonstrated the strong therapeutic potential of intranasal MSC administration for repair of neonatal ischemic brain damage using the mouse model. Intranasal MSC treatment significantly improves motor and cognitive behavior and decreases lesion gray and white matter damage at 5 wk post-HI. However, for translation to the clinic, it is absolutely essential to determine whether MSCs may have any adverse effects, especially during aging. Another important question is how long the positive effects of MSC-induced brain repair last. To our knowledge, this is the first study to investigate whether intranasally administered MSCs administered early in life induce tumor formation or any other microscopic or macroscopic lesions later in life. We followed the mice for a considerable period of time, as C57Bl/6 mice have a normal life span of about 18--24 mo. The mice examined in our study were \>14-mo-old when pathological assessment was carried out. We decided to terminate the experiment at this time point as C57Bl/6 mice spontaneously develop tumors and other lesions around 18 mo of age, making it harder to identify the effects of MSCs. Detailed pathological analysis was performed by unbiased assessment at a pathological center. Our findings show that intranasal MSC administration does not induce any macroscopic or microscopic lesions in the brain or in any peripheral organ in the long term.

We assessed 47 mice (sham-operated (*n* = 13), HI-vehicle (*n* = 17), and HI-MSC (*n* = 17) mice) for macroscopic or microscopic lesions in the brain, nasal turbinates, and also 38 other organs (**[Tables 1](#tbl1){ref-type="table"}** and **[2](#tbl2){ref-type="table"}**). All analyses were performed without prior knowledge of the mouse identification code. Our data show no evidence of tumor formation or other significant lesions in the brain of any of the examined mice (**[Figure 4](#fig4){ref-type="fig"}**). No tumor formation was observed in the brain or the nasal turbinates following MSC treatment. Lymphosarcoma and the other noncerebral lesions (e.g., nasal hyalinosis, lymphocytic sialoadenitis) are common findings in aged mice and are considered spontaneous lesions that are not related to intranasal MSC treatment ([@bib14]). We observed lymphosarcoma following both vehicle and MSC treatment. Incidence of lymphosarcoma in B6C3F1 mice (i.e., C57BL/6 and C3HJ/HeJ hybrids) has been reported to be 8.3% in males and 16.8% in females at the age of 22--28 mo ([@bib15],[@bib16]). The uterine sarcoma observed in one HI-MSC mouse (1/7 females) is likely a primary uterine tumor that originated from the uterine smooth muscle (i.e., leiomyosarcoma) or from the uterine mesenchyme (i.e., fibrosarcoma). The finding that MSCs do not induce tumor formation or any other lesion in the brain or nasal turbinates has significant implications for the clinic.

One possible explanation as to why MSC administration has no adverse effects in the long term is that MSCs actually do not engraft in the brain following administration. In a previous study, we demonstrated that MSCs do not engraft since at 18 d after intracranial administration we measured \<1% of GFP-expressing MSCs by Q-PCR ([@bib13]). Furthermore, we found that the number of MSCs peaks at 12 hours after intranasal treatment and decreases drastically by 72 h ([@bib12]). On the basis of these data, we proposed that MSCs do not differentiate into neurons or astrocytes themselves but rather stimulate endogenous neural stem cells via secretion of neurotrophic factors promoting proliferation and differentiation into functional neurons ([@bib12],[@bib17]). Another important factor is that we administered MSCs intranasally and not systemically in our HI model, which may significantly reduce the chance of MSCs reaching peripheral tissues, thereby avoiding possible systemic adverse effects. Taken together, these data indicate that intranasal MSC administration early in life does not lead to negative adverse effects with respect to the induction of microscopic or macroscopic lesions during the life time of the animal.

As discussed before, MSCs are hardly immunogenic and have been found to possess immunosuppressive and immunomodulating capacities. For instance, MSCs secrete anti-inflammatory cytokines such as IL-10 and transforming growth factor β and suppress expansion of T cells and activation of natural killer cells ([@bib9],[@bib18],[@bib19]). We have also shown recently that MSCs revert astrogliosis 18 d following HI injury ([@bib12]). On the basis of these cellular characteristics, a growing number of clinical trials ([www.clinicaltrials.gov](http://www.clinicaltrials.gov)) are assessing efficacy and safety to use MSCs as a therapeutic strategy for various pathologies ranging from cardiovascular to autoimmune diseases.

In this work, we show that the positive effects of intranasal MSC treatment both on sensorimotor and cognitive behavior tested by the CRT and NORT last up to 9 and 14 mo of age in neonatal mice treated with MSCs at 10 d post-HI. The latter is important with respect to clinical application. Our data indicate that MSC treatment results in restoration of functional tissue as HI-MSC mice still showed improved cognitive and sensorimotor performance at 9 and 14 mo after HI induction. Importantly, we have recently shown that treatment with human bone marrow--derived MSCs also restores motor and cognitive behavior and reduces brain infarct size in neonatal mice with HI brain injury ([@bib11]). These data further strengthen the potential of using human MSCs for clinical application in neonatal brain injury in the near future.

Gray and white matter damage in HI-MSC and HI-vehicle mice did not change significantly over time, which suggests that once the lesion is formed, it does not deteriorate any further. The data in **[Figure 3](#fig3){ref-type="fig"}** indicate that some endogenous repair may also take place in HI-vehicle animals as lesion size decreases (although not significantly) over time. However, we suggest on the basis of our data that the lesion is not repopulated by functionally integrated neurons in HI-vehicle mice, since we did not observe improvement in the cognitive or sensorimotor tests over time. Hence, our results demonstrate that MSC treatment provides long-term regeneration and recovery of behavioral impairments.

We show here for the first time that intranasal MSC treatment after neonatal HI does not induce any malignancies or other pathological abnormalities in the brain, nasal turbinates, or any peripheral tissues as shown by the unbiased and thorough assessment performed by an independent pathological center. This study also highlights the lifelong effects of intranasal MSC treatment on both cognitive and sensorimotor behavior and the brain lesion following neonatal HI injury in the mouse. This work may have important impact for effective and safe translation of intranasal MSC treatment to the clinic.

Methods
=======

Ethics Statement
----------------

Experiments were approved by the Experimental Animal Committee Utrecht (DEC-ABC, University Utrecht, Utrecht, Netherlands) and performed according to international guidelines.

HI Induction and Intranasal MSC Administration
----------------------------------------------

An unilateral HI brain lesion was induced in 9-d-old C57BL/6 mouse pups of both sexes (Harlan Laboratories, Boxmeer, The Netherlands) under isoflurane anesthesia (induction under 5% isoflurane; maintenance under 1.5% isoflurane in a mixture of O~2~ and air on a 1:1 ratio) by permanently occluding the right common carotid artery, followed by hypoxia for 45 min at 10% oxygen. Control mouse pups, i.e., sham-operated, underwent anesthesia and incision only. The HI procedure resulted in a mortality rate of 10%. At 10 d post-HI, 3 µl of PBS-diluted hyaluronidase (100 U; Sigma-Aldrich, St Louis, MO) was administered twice to each nostril to increase the permeability of the nasal mucosa. After 30 min, mice received either 0.5 × 10^6^ C57BL/6 mice bone marrow--derived MSCs or PBS (HI-vehicle group). Three microliters of cell suspension was administered twice to each nostril, making an end volume of 12 µl. Animals were randomly assigned to each experimental group, and all experimental groups were represented in all litters. Mice were provided with an igloo and running wheel as environmental enrichment from birth for the entire duration of the experiment. We did not observe any sex differences in any of the measured parameters.

In total, we used 72 animals from 17 litters. Of the 72 animals, 50 animals (sham-operated, *n* = 16; HI-vehicle, *n* = 17; HI-MSC, *n* = 17) were used for long-term assessments (behavior and pathological examination) and survival up to 14 mo. However, three sham-operated animals died before the end of the study (one before day 28 and two between 6 and 9 mo after HI), leading to *n* = 13 for sham-operated animals at 14 mo. In an experiment performed in parallel, an additional 22 mice were used to assess gray- and white-matter damage at 5 wk after HI (sham-operated, *n* = 3; HI-vehicle, *n* = 9; HI-MSC, *n* = 10).

Mesenchymal Stem Cells
----------------------

MSCs were purchased from Invitrogen (GIBCO mouse C57BL/6 MSCs, Life Technologies, Paisley, UK) and cultured according to the manufacturer\'s instructions. Characterization of cell-specific antigens has been described previously by us ([@bib13]). The MSCs used in this study are in agreement with the release criteria described by the International Society for Cellular Therapy, that is, more than 70% of the MSCs were positive for CD105, CD90, and CD73 and less than 10% were negative for CD45.

Sensorimotor and Cognitive Function
-----------------------------------

Unilateral sensorimotor impairment was assessed in the CRT. Weight-bearing left (impaired), right (unimpaired), or both paw(s) contacting the wall during full rear were scored. Unimpaired paw preference was calculated as ((right − left)/(right + left + both)) × 100%.

Cognitive function was assessed with the NORT. Briefly, habituation to the test environment was performed the day before the actual experiment, in an empty cage for 10 min. At the day of the test, two similar objects were first placed in the cage, and the mouse was allowed to explore for 10 min. The mouse was then removed from the test cage and returned to its home cage for 5 min. In the second phase, one of the explored objects was replaced by a novel object. We measured the time that the mouse spends exploring the familiar and novel object during 5 min. Time spent with the novel object was calculated as (interaction time novel object)/(total interaction time) × 100%. To exclude the possibility of side bias, the familiar/novel objects were randomly allocated to either the right or left side of the cage for each animal. We did not observe any side bias as the mice showed no preference for either the left or right object during the first phase of the test (two similar objects). Also which object was designated familiar or novel was randomly assigned for each animal.

Occasionally, some animals did not perform on the behavioral tests possibly due to a lack of momentary motivation. For the CRT, our inclusion criteria were that animals should initiate at least 10 vertical explorations during 3 min. For the NORT, animals should spend at least 30 s of test time (=10% of test time) exploring the objects. Animals that did not meet these criteria were not included in the analyses. The numbers of animals that did not perform in the CRT at 6 mo were three HI-MSC--treated animals. At 9 mo, one HI-vehicle and four HI-MSC animals did not perform in the CRT. For the NORT at 3 mo, two sham-operated, two HI-vehicle, and one HI-MSC animals did not perform. At 14 mo, five sham-operated, seven HI-vehicle, and six HI-MSC animals did not perform in the NORT. We have indicated the number of participating animals per experimental group per test in the corresponding figure legends.

Pathological Assessment
-----------------------

Sham-operated (*n* = 13), HI-vehicle (*n* = 17), and HI-MSC (*n* = 17) mice were submitted to the Dutch Molecular Pathology Center, Utrecht University, for post-mortem examination at 14 mo post-HI. Mice were killed by an overdose of pentobarbital and subsequently examined for external and internal lesions. Significant lesions were recorded, scored, and photographed. Representative specimens were collected from 39 organs (**[Table 2](#tbl2){ref-type="table"}**) from every mouse and fixed in 10% neutral buffered formalin. After fixation, the organs were trimmed according to the Dutch Molecular Pathology Center standard protocol, embedded in paraffin, and sectioned. The presence of histopathological lesions was examined microscopically on hematoxylin--eosin-stained sections. The brains of 30 mice (*n* = 10 per group) were analyzed for pathological lesions by the Dutch Molecular Pathology Center, and the brains of the other animals (sham-operated, *n* = 3; HI-vehicle, *n* = 7; HI-MSC, *n* = 7) were used for immunohistochemistry (see below). The skull was decalcified and sliced transversely at the level of the nasal turbinates. The sections were processed for histopathology as described above. Five brain sections and three sections from the nasal turbinates were examined for each mouse.

Immunohistochemical Assessment of the Brain Lesion
--------------------------------------------------

Immunohistochemical assessment of gray and white matter damage was determined in the brains of the remaining mice at 14 mo post-HI (sham-operated, *n* = 3; HI-vehicle, *n* = 7; HI-MSC, *n* = 7) and at 5 wk post-HI (sham-operated, *n* = 3; HI-vehicle, *n* = 9; HI-MSC, *n* = 10). Briefly, mice were perfused intracardially with 4% paraformaldehyde, and brains were removed and embedded in paraffin. Eight micrometer coronal brain sections cut at hippocampal level were incubated with MBP (Sternberger Monoclonals, Lutherville, MD) or MAP2 (Sigma-Aldrich) followed by biotinylated horse-anti-mouse antibody (Vector Laboratories, Burliname, CA). Binding was visualized with Vectastain ABC kit (Vector Laboratories) and diaminobenzamidine. The percentage of ipsilateral MAP2 or MBP area loss was determined as (ipsilateral MAP2- or MBP-positive area/contralateral MAP2- or MBP-positive area) × 100%. For both MAP2 and MBP staining, all sections were stained at the same time.

Statistical Analyses
--------------------

Analyses were performed in a blinded set-up. Quantification of ipsilateral MAP2 or MBP area loss was determined by Adobe Photoshop CS5 (version 13.0 x64) or ImageJ software (version 1.47; National Institute of Health), respectively. Data are presented as mean and SEM. Statistical significance was determined by using two-way ANOVA followed by Bonferroni *post hoc* tests for all analyses except the NORT, where statistical significance was assessed by one-sample *t*-test (two-tailed). *P* \< 0.05 was considered statistically significant. Outliers were detected with the Grubbs (*Q* = 5%) and ROUT (*Q* = 5%) tests. Removed outliers: NORT 3 mo: one outlier (sham-operated); CRT 6 mo: three outliers (MSC-treated); CRT 9 mo: two outliers (sham-operated and MSC-treated).
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![Long-term effect of MSC treatment on sensorimotor behavior over time. Mice received either 0.5 × 10^6^ MSCs or vehicle intranasally at 10 d post-HI. Performance in the CRT was assessed at 10 d (i.e., before treatment) and 28 d and at 6 and 9 mo post-HI induction or sham operation. The results show that MSC administration improves performance in the CRT up to 9 mo post-HI. ^†^*P* \< 0.001; ^‡^*P* \< 0.001 (HI-MSC 28 d vs. HI-MSC 9 mo) with two-way ANOVA and Bonferroni post-hoc test. Animal numbers: 10-d sham, *n* = 16; HI-vehicle, *n* = 17; HI-MSC, *n* = 17; 28-d sham, *n* = 15; HI-vehicle, *n* = 17; HI-MSC, *n* = 17; 6-mo sham, *n* = 15; HI-vehicle, *n* = 17; HI-MSC, *n* = 14; 9-mo sham, *n* = 13; HI-vehicle, *n* = 16; HI-MSC, *n* = 13. HI, hypoxia--ischemia; MSC, mesenchymal stem cell.](pr2015145f1){#fig1}

![Long-term effect of MSC-treatment on cognitive behavior over time. (**a**) Cognitive performance in the NORT was assessed at 3 and 14 mo after HI induction or sham operation. Intranasal MSC administration at 10 d post-HI significantly improves performance in the NORT up to 14 mo post-HI. (**b**) Total interaction time with the objects during novel object recognition in all experimental groups at 3 mo. Sham = white bar; vehicle-treated = black bar; MSC-treated = gray bar. \**P* \< 0.05; \*\**P* \< 0.01; ^†^*P* \< 0.001 with one-sample *t*-test (two-tailed) vs. 50% interaction time. Three-mo sham, *n* = 13; HI-vehicle, *n* = 15; HI-MSC, *n* = 16; 14-mo sham *n* = 8; HI-vehicle, *n* = 10; HI-MSC, *n* = 11. HI, hypoxia--ischemia; MSC, mesenchymal stem cell.](pr2015145f2){#fig2}

![Long-term effect of MSCs on gray and white matter injury over time. Ipsilateral loss of MAP2 and MBP at 5 wk and 14 mo post-HI. (**a**) MSC treatment significantly decreases MAP2 area loss at 5 wk post-HI. (**b**) Representative sections of MAP2 staining. (**c**) MSC treatment decreases MBP area loss at 5 wk post-HI. (**d**) Representative sections of MBP staining. Sham = white bar; vehicle-treated = black bar; MSC-treated = gray bar. \*\**P* \< 0.01 with one-way ANOVA and Bonferroni post-hoc test. MAP2/MBP 5 wk: sham, *n* = 3; HI-vehicle, *n* = 9; HI-MSC, *n* = 10; MAP2/MBP 14 mo: sham, *n* = 3; HI-vehicle, *n* = 7; HI-MSC, *n* = 7. Bar = 5mm. HI, hypoxia--ischemia; MSC, mesenchymal stem cell.](pr2015145f3){#fig3}

![No malignancies are induced in the nasal turbinates or brain after intranasal MSC treatment. Hematoxylin--eosin staining of brain and nasal turbinates sections from sham-operated, HI-vehicle, and HI-MSC mice at 14 mo post-HI. No neoplasia or lesions were observed. Examples of the nasal turbinates and cortical, hippocampal, and thalamic brain regions. *n* =10 per group; arrows = nasal/olfactory mucosa; star = olfactory nerve; circle = damaged hippocampus. Bar = 200 μm. HI, hypoxia--ischemia; MSC, mesenchymal stem cell.](pr2015145f4){#fig4}
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###### Full report of histopathological findings
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